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Purpose: Natural gas extraction can involve conditions favoring the formation and deposition of hydrates in wells
and bottom holes. At the moment, these processes are considered separately, i.e., the dynamics of hydrate
formation in various production modes is modeled within the framework of non-isothermal multiphase filtration,
while the dynamics of hydrate formation in wells is studied within the framework of tube hydraulics. In the latter
case, the temperature and pressure near the bottom hole are specified and are normally assumed to be equal to
their reservoir values. In the present paper the first attempt of partial combining these two approaches is done.
Methods: The influence of mathematical model parameters on the dynamics of pressure and temperature fields at
non-isothermal gas filtration is investigated in a numerical experiment. A nonlinear system of partial differential
equations obtained from the energy and mass conservation laws and the Darcy law are used to describe the
process, and physical and caloric equations of state are used as closing relations.
Results: The pressure and temperature fields in the reservoir are determined by solving the problem of non-
isothermal filtration of an imperfect gas and are compared with equilibrium conditions of hydrate formation. This
solution is be further used to determine the temperature and pressure in the bottom hole region. The boundary
conditions correspond to a given pressure drop at the bottom hole. It is shown that the influence of the
temperature field on such integral characteristics as cumulative gas production is most pronounced at moderate
pressure drops. The size of the zone of possible hydrate formation in a gas reservoir is determined in two particular
examples.
Conclusions: Two important conclusions can be drawn: (1) a zone of hydrate formation during gas production can
be identified with the use of some geophysical method, for instance, acoustic logging; (2) such a narrow zone can
be easily affected by one of hydrate formation inhibitors (methanol or calcium chloride solution). These results
again demonstrate the importance of taking into account thermodynamic processes in mathematical modeling of
natural gas production.
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Natural gas extraction (especially in regions of Siberia
and extreme north) can involve conditions favoring the
formation and deposition of hydrates in wells and bot-
tom holes. At the moment, these processes are consid-
ered separately, i.e., the dynamics of hydrate formation
in various production modes is modeled within the
framework of non-isothermal multiphase filtration, while
the dynamics of hydrate formation in wells is studied* Correspondence: bondarev@ipng.ysn.ru
Institute of Oil and Gas Problems, Siberian Branch, Russian Academy of
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in any medium, provided the original work is pwithin the framework of tube hydraulics [1-3]. In the lat-
ter case, the temperature and pressure near the bottom
hole are specified and are normally assumed to be equal
to their reservoir values [1,2]. An attempt to combine
these two problems was made in a recent publication
[4]. The authors [4], however, confined themselves to de-
termining the temperature and pressure fields in the res-
ervoir, while the dynamics of growth of the hydrate layer
in the well was determined within the framework of the
model proposed in [1], i.e., the problem of determining
the possibility of hydrate formation in the bottom hole
zone was not even posed. Moreover, the condition of ais an Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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http://www.iaumath.com/content/6/1/17zero heat flux was imposed on the interface between the
reservoir and the well in [4], whereas the heat flux on this
interface differs from zero in reality and is physically
determined by convective transport and cooling of the
gas during its throttling. The first attempt of partially
combining these two approaches is done in the present
work: the pressure and temperature fields in the reservoir
are determined by solving the problem of non-isothermal
filtration of an imperfect gas and are compared with
equilibrium conditions of hydrate formation. This solu-
tion can be further used to determine the temperature
and pressure in the bottom hole region.
Formulation of the problem
For the mathematical description of gas production from
a single well located at the center of a circular gas reser-
voir, we use a system of equations that describe non-
isothermal filtration of an imperfect gas in a porous
medium where the energy transfer due to heat conduc-
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; κp ¼ kp0mμ :
In what follows, the bar above the dimensionless vari-
ables is omitted for convenience. The pressure on the
well face is assumed to be constant:
p ¼ pw; r ¼ rw: ð3Þ
Conditions modeling the absence of the filtered gas
and heat fluxes are imposed on the external boundary,






¼ 0; r ¼ rk: ð4Þ
At the initial time, the pressure and temperature are
assumed to be constant:
p r; 0ð Þ ¼ 1;T r; 0ð Þ ¼ T0; rw ≤ r ≤ rk: ð5ÞThe equation of state is the Latonov-Gurevich equa-
tion [3]:












where Tc and pc are the critical values of temperature
and pressure of the natural gas, which is a mixture of
gasses, mainly of the paraffin series, beginning from
methane.
Thus, the solution of the initial-boundary problem
(Equations 1 to 6) depends on the parameter cp/R
included into Equation 2, on the boundary condition
(Equation 3) determined by the dimensionless pressure
pw and on two dimensionless complexes mp0/crTc and
p0/pc involved into Equation 6. It should be noted that
the gas temperature at the bottom hole (at r= rw) in the
problem formulation used is a sought quantity deter-
mined in the course of solving the problem, and Equa-
tion 2 is a quasi-linear hyperbolic equation of the first
order. The characteristics of this equation start from the
right boundary; therefore, the boundary condition of the
absence of the heat flux (Equation 4) is sufficient for de-
termining the unique solution of this equation.
In addition to calculating the temperature and pres-
sure fields, we determined the total amount of the
extracted gas V ¼ Rt
0
A tð Þdt , where A ¼ pZT @p@r r¼rwj is the
dimensionless mass flow rate expressed via the dimen-
sional quantities as A ¼ mμRM2πkHp0cr :
Numerical implementation of the model and its algorithm
For solving the initial-boundary problem (Equations 1 to
6), replacing p(ri, tj) = pi
j and T(ri, tj) =Ti
j by numerical
analogs in grid nodes, Equation 1 is approximated by a
purely implicit, absolutely stable difference scheme simi-













































i ¼ 1; n 1; j ¼ 0; j0  1: ð7Þ
The difference approximation of the boundary condi-
tion (Equation 3) has the form
p
sþ1jþ1
0 ¼ pw; j ¼ 0; j0  1: ð8Þ
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http://www.iaumath.com/content/6/1/17The difference analog of the first boundary condition
(Equation 4) is written with the second order of approxi-
mation. To obtain the difference scheme for the external
boundary (i= n), we integrate Equation 1 in the elemen-






























j ¼ 0; j0  1: ð9Þ
As the function T (r, t) is sufficiently smooth, then it is
reasonable to put Equation 2 into correspondence to an



































i ¼ 0; n 1; j ¼ 0; j0  1: ð10Þ
Taking into account Equation 4 for the external























j ¼ 0; j0  1: ð11Þ
This approximation is justified because, as it follows
from the second term in the right side of Equation 2,
the slope of the characteristics does not change its sign
since the sign of the derivative of pressure with respect
to the spatial coordinate is unchanged (the remaining
terms are always positive). Therefore, the quantities
involved into the difference (Equations 10 and 11), in
particular, those included into the coefficient bi
s, do not
change their sign either. The initial conditions are
approximated in the form
p
s 0
i ¼ 1; T
s 0










































































































For the numerical implementation of the difference
problem (Equations 7 to 12), we use the method of sim-
ple iterations at each time layer. The iterative process is
organized as follows:













i ; i ¼ 0; n;
(b) using the sweep method, solve a linearized system
of three-point algebraic equations with respect to
unknown values of pressure at the nodes of the
spatial grid p
sþ1jþ1
i ; i ¼ 0; n :
p
sþ1jþ1
0 ¼ pw;Ai p
sþ1jþ1
i1  Ci p
sþ1jþ1
i þ Bi p
sþ1jþ1
iþ1
¼ Fi; i ¼ 1; n 1;
An p
sþ1jþ1



























































;(c) with the pressure values found, determine the































Figure 1 Temperature distribution at pw=14 MPa; t=200
(curve 1), and t=1, 600, 000 (curve 2).
Figure 3 Dynamics of the pressure field; pw=14 MPa
(surface 1) and pw=22 MPa (surface 2).
.







































i ¼ n 1; 0;



















 < E2:Figure 2 Dynamics of temperature variation at pw=14 MPa;
r=0.1 m (curve 1), r=0.3 m (curve 2), and r=10.1 m (curve 3).If these conditions are not satisfied, increase s by unity
and return to item (a); if they are satisfied, go to the next
time layer.
Results and discussion
In our computational experiment, we studied the influ-
ence of the pressure at the well bottom hole pw on the
dynamics of temperature and pressure variations in the
reservoir. In addition, we estimated the effect of the fre-
quently used assumption on isothermality of the filtra-
tion process on the pressure field and on the total gas
production. The calculations were performed for two
typical gas fields of Northern Russia: the Sredne-
Vilyuiskoe in the Sakha Republic (Yakutiya) and the
well-known Messoyakha gas field which differs from theFigure 4 Pressure distributions at pw=14 MPa. The solid and
dotted curves refer to non-isothermal and isothermal regimes,
respectively; t= 200 (curves 1 and 2) and t= 20, 000 (curves 3 and 4).
Figure 5 Pressure at the end of the calculated time. Curves 1 and 2 refer to non-isothermal and isothermal regimes, respectively; pw= 14 MPa
(a) and pw = 22 MPa (b).
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http://www.iaumath.com/content/6/1/17first one by more shallow gas reservoir depth and, there-
fore, much lower pressure and temperature.
For the first gas field, the parameters of calculations
were as follows: pw = 14 MPa and pw = 22 MPa; the para-
meters cp / R= 5.118 and cr/mp0 = 1.234, the initial
temperature of the reservoir T0 = 323 K, and the initial
pressure p0 = 24 MPa had constant values. The critical
parameters Tc = 205.022 K and pc = 4.6596 MPa were
determined by the method described in [7]. The equilib-
rium temperature of hydrate formation was calculated
by the formula Tph(p) = a ln p+ b, where the constants
a= 7.01 K and b= 178.28 K were found by means of ap-
proximating the thermodynamic equilibrium curve
determined by Sloan's method [8] for a knownFigure 6 Pressure at the reservoir boundary. Curves 1 and 2 refer to th
and pw = 22 MPa (b).composition of the gas (in volume percent): CH4 = 90.34,
C2H6 = 4.98, C3H8 = 1.74, iC4H10 = 0.22, nC4H10 = 0.41,
C5H12+ = 1.55, CO2 = 0.28, and N2 = 0.48.
The calculations show that the changes in the
temperature field are significant only in the case of an
intense depression on the gas-bearing reservoir, when
pw = 14 MPa. Even in this case, however, they are loca-
lized in a narrow zone near the well, which is clearly
seen in Figure 1. At small values of the dimensionless
time t, this zone does not exceed 4 m (curve 1), while
the temperature in the remaining part of the reservoir is
equal to its initial value. At the end of the computational
process, there is a drastic decrease in temperature at a
distance of 8 m from the bottom hole; the temperaturee non-isothermal and isothermal regimes, respectively; pw= 14 MPa (a)
Figure 7 Mass production of the gas (a) and accumulated gas production (b). The solid and dotted curves refer to non-isothermal and
isothermal regimes, respectively; pw = 14 MPa (curves 1 and 2) and pw = 22 MPa (curves 3 and 4).
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http://www.iaumath.com/content/6/1/17at greater distances is almost constant and lower than
the initial value (curve 2). A more detailed analysis
shows that the temperature at the bottom hole drastic-
ally decreases at first (in the example considered, this
decrease reached 8 K), and then starts to recover (curve
1 in Figure 2). The same trend is also observed at a
small distance from the bottom hole, but the decrease
in the temperature was 5 K (curve 2 in Figure 2).
Already at a distance of 10 m, however, there is only a
minor decrease in temperature with time (curve 3 in
Figure 2).
Let us now estimate the influence of the input para-
meters and the temperature field on the dynamics ofFigure 8 Gas (surface 1) and hydrate formation (surface 2)
temperature at the bottom hole at pw=14 MPa.
Figure 9 Temperature distribution at pw=5.3 MPa; t=5, 000
(curve 1) and t=1, 600, 000 (curve 2).
Figure 10 Dynamics of temperature variation at pw=5.3 MPa;
r=0.1 m (curve 1), r=0.3 m (curve 2), and r=10.1 m (curve 3).
Figure 11 Dynamics of the pressure field; pw=5.3 MPa (surface
1) and pw=6.3 MPa (surface 2).
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http://www.iaumath.com/content/6/1/17variation of the pressure field. It is obvious from physical
considerations that the pressure value at the point of gas
extraction should be an important parameter determin-
ing the spatial variations of pressure in time. This is
clearly seen in Figure 3, which shows a comparison of
two variants of the bottom hole pressure behavior, other
conditions being identical: in the first variant, the pres-
sure changes significantly at all points of the reservoir;
in the second variant, these changes occur only in a nar-
row zone near the well even at large values of the di-
mensionless time t.
For a detailed analysis of the role of the temperature
field in the dynamics of the pressure distribution, weFigure 12 Pressure distributions. The solid and dotted curves refer to no
and 2) and t= 20, 000 (curves 3 and 4); pw= 5.3 MPa (a) and pw= 6.3 MPa (analyze the curves in Figures 4 and 5. It is seen that the
effect of the temperature field is small; in the case of in-
tense gas extraction, i.e., at pw = 14 MPa, the pressure
decrease is underestimated by 0.1 MPa only (cf. curves
1, 2 and 3, 4 in Figure 4 and curves 1 and 2 in
Figure 5a). A similar situation is observed in the case of
gas extraction with much lower intensity, but here, the
pressure decrease is overestimated (cf. curves 1, 2 in
Figure 5a with similar curves in Figure 5b).
It is important to note that the above-indicated fea-
tures of non-isothermality manifestation are also
observed at the intermediate stage of the process
(t= 160, 000); the difference is not great in the case of
high intensity of gas extraction (curves 1 and 2 in
Figure 6a), but the underestimation of the pressure de-
crease in the case with low intensity of gas extraction
reaches almost 0.2 MPa, which is clearly seen in
Figure 6b. It should also be noted that the pressure rap-
idly reaches a steady regime in the case with low inten-
sity of gas extraction, and this state in the isothermal
model is reached earlier than in the non-isothermal
model (cf. curves 1 and 2 in Figure 6b).
The non-isothermality insignificantly effects predicting
of the total gas production (Figure 7). Let us also note
that all curves in Figure 7b have two typical, almost rec-
tilinear segments, with the inflection corresponding to
the transition to the deposit depletion regime.
Let us estimate the possibility of hydrate formation at
the bottom hole of the well. For this purpose, we com-
pare the temperature field in this zone with the equilib-
rium conditions of hydrate formation. The results of this
comparison are shown in Figure 8. It is seen that even in
the case of intense gas extraction, the gas temperature isn-isothermal and isothermal models, respectively; t= 200 (curves 1
b).
Figure 13 Pressure at the end of the calculated time. Curves 1 and 2 refer to non-isothermal and isothermal models, respectively; pw = 5.3
MPa (a) and pw = 6.3 MPa (b).
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http://www.iaumath.com/content/6/1/17always above the equilibrium temperature of hydrate
formation. This result is completely proven by the multi-
year history of gas production from the field.
Consider now the results of analogous calculations
for the Messoyakha gas field. The initial data are as
follows: cp/R = 5.278, cr/mp0 = 3.4151/K, T0 = 282.91 K,
p0 = 6.8MPa, Tc = 191.202 K, pc = 4.6893 MPa, a= 10.036
K, b= 126.023 K, pw = 5.3 MPa and pw= 6.3 MPa; com-
position of the gas (in volume percent): CH4 = 99.169,
C2H6 = 0.003, C3H8 = 0.009, iC4H10 = 0.002, nC4H10 =
0.002, C5H12+ = 0.018, CO2= 0.611, N2 = 0.186. The basic
results of the computational experiment are very close to
the previous example: the changes of the temperature areFigure 14 Pressure at the reservoir boundary. Curves 1 and 2 refer to t
(a) and pw = 6.3 MPa (b).localized in a narrow zone near the well (Figure 9 and
10); in the case of intense gas extraction, the pressure
changes significantly through the entire reservoir; in the
case with low intensity of gas extraction, these changes
occur only in a narrow zone near the well (Figure 11).
The influence of the temperature field on the pressure
redistribution in the reservoir (Figures 12, 13, and 14) is
also insignificant. In spite of this fact, it may lead to sub-
stantial underestimation of total gas extraction (Fig-
ure 15): about 20% for high-intensity (curves 1 and 2)
and 34% for low-intensity gas production (curves 3 and
4). It means that isothermal filtration model will leads to
underestimation of gas field potential.he non-isothermal and isothermal models, respectively; pw = 5.3 MPa
Figure 15 Mass flow rate of the gas (a) and cumulative gas production (b). The solid and dotted curves refer to non-isothermal and
isothermal models, respectively; pw= 5.3 MPa (curves 1 and 2) and pw = 6.3 MPa (curves 3 and 4).
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http://www.iaumath.com/content/6/1/17Finally, we will estimate the possibility of hydrate for-
mation at the bottom hole of the well. The results are
shown in Figure 16.
It is seen that in the case of intense gas production,
its temperature is above the equilibrium temperature
of hydrate formation everywhere except a narrow zone
near the well but only at the initial period of produc-
tion (Figure 16a). However, if the depression is smal-
ler, gas temperature will always be lower than hydrate
equilibrium temperature (Figure 16b). Such unex-
pected result has a clear explanation. At the condi-
tions given, the decrease of hydrate equilibrium
temperature due to pressure decrease is more signifi-
cant than common gas cooling due to the Joule-
Thomson effect and heat exchange with surrounding
rocks.Figure 16 Temperature at the bottom hole region. Gas temperature (su
pw = 5.3 MPa (a) and pw= 6.3 MPa (b).Conclusions
Certainly, the above results are valid only for the initial
data indicated above. Nevertheless, it allows two import-
ant conclusions to be drawn: (1) such a zone can be
identified with the use of some geophysical method, for
instance, acoustic logging; (2) such a narrow zone can be
easily affected by one of hydrate formation inhibitors
(methanol or calcium chloride solution). These results
again demonstrate the importance of taking into account
thermodynamic processes in mathematical modeling of
natural gas production.
Methods
All the results have been received via the methods of
mathematical modeling of industrial and technological
processes and simulating experiment.rface 1) and equilibrium temperature of hydrate formation (surface 2);
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Nomenclature
cp: Specific heat of the gas; cr: Volume heat of the reservoir filled with the
gas; H: Reservoir thickness; h: Grid step in space,
!h ¼ fri ¼ rw þ ih; i ¼ 0; ng; k: Permeability of the reservoir; l: Characteristic
size; M: Mass production of the gas; m: Porosity; p: Pressure; R: Gas constant;
r: Radial coordinate; s: Iteration step; T: Temperature; t: Time; Z: Coefficient of
gas imperfection; κp: Piezoconductivity of the reservoir saturated with the
gas; μ: Dynamic viscosity of the gas; τ: Grid step in time,
! ¼ ftj ¼ j; j ¼ 0; j0g.
Subscripts
0: Initial state; c: Critical parameters; k: The variables on the external
boundary; ph: Phase transition; w: The variables on the well wall.
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